Bacteria that produce 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase can promote plant growth under abiotic stress by lowering stress ethylene levels through deamination of ACC, the immediate precursor of ethylene. Unfortunately, little is known regarding the natural abundance and diversity of ACC deaminase-positive (ACC+) bacteria in soils or how ACC+ bacteria are influenced by plant genotype. Two field studies were conducted to assess the abundance, composition, and ACC deaminase activity of ACC+ bacteria in plots planted to different winter wheat (Triticum aestivum L.) genotypes under different irrigation regimes. In the first study, the relative abundance of ACC+ bacteria in wheat rhizospheres increased over time as soil water availability decreased. Relative abundance was also affected by genotype, with the greatest percentage of ACC+ bacteria in the rhizosphere of 'RonL' grown with limited or no irrigation (up to 54% at mid-grain filling). Species composition also varied by wheat genotype regardless of irrigation treatment. In the second study, the RonL rhizosphere had the greatest ACC deaminase activity and greatest predicted abundance of ACC+ bacteria, on the basis of Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt) analysis of 16S rDNA sequences, compared with other genotypes. In conclusion, the relative abundance, composition, and activity of culturable and predicted communities of ACC+ bacteria differed according to winter wheat genotype; therefore, the potential for ACC+ bacteria to promote drought resistance in winter wheat may be genotype-dependent. A mong the many ecosystem services provided by soil bacteria, perhaps none is as important within agricultural systems as supporting plant growth. Soil bacteria that influence plant growth positively are called plant growth-promoting bacteria (Bashan and Holguin, 1998). These bacteria reside within root tissues, on the root surface, and in the rhizosphere soil, where they can improve plant growth by increasing the availability of nutrients to plants, producing phytohormones that regulate plant growth, and antagonizing and outcompeting plant pathogens in the soil environment (Lugtenberg and Kamilova, 2009; Chaparro et al., 2012) .
ing drought. Under abiotic stress (e.g., drought, salinity, and heavy metal stress), plants produce the phytohormone ethylene, which induces defense responses such as reduced root and shoot growth and reduced productivity (Glick, 2014) . ACC deaminase-positive bacteria degrade the ethylene precursor, ACC, through the action of ACC deaminase. The ACC substrate is released by plant tissues, then absorbed and degraded by ACC+ microbes. This results in lower plant ethylene concentrations, continued root elongation, and greater resistance to water stress (Mayak et al., 2004; Glick, 2005; Shaharoona et al., 2007; Naveed et al., 2008; Nadeem et al., 2010) . To date, studies conducted on these bacteria have primarily focused on their isolation and subsequent testing as inocula for crops grown in the greenhouse or field [for reviews, see Saleem et al. (2007) and Forni et al. (2017) ]. Rarely have studies examined the natural abundance and diversity of indigenous ACC+ populations in rhizospheres (Timmusk et al., 2011) and none has studied the indigenous populations of the semiarid Great Plains region of the United States, despite the potential for their positive influence on plant growth under water stress.
The Great Plains region produces about two-thirds of the wheat grown in the United States, mainly under dryland (rainfed) conditions. In the Colorado plains, the annual precipitation averages only 250 to 450 mm (semiarid climate) and wheat yields are constrained because of water deficits in most years. Moreover, the frequency and severity of drought stress is predicted to increase in the Great Plains as a result of climate change (Karl et al. 2009; Dai 2013) . One mechanism by which winter wheat might cope with water stress is through interactions with ACC+ bacteria. To determine the importance of this association, more information on the ecological interactions between wheat and ACC+ bacteria, as influenced by genotype and water stress, are needed. Therefore, the objectives of this study were to assess the abundance, diversity, species composition, and activity of ACC+ bacteria in Colorado agricultural soils, and to determine the degree to which ACC+ bacteria are influenced by winter wheat genotype, physiological growth stage of wheat, and soil water availability as determined by irrigation regime.
MATERIALS AND METHODS

Field Study 1: Greeley
For the first study, we examined culturable ACC+ bacteria associated with four winter wheat genotypes grown under three levels of irrigation at three wheat growth stages during the course of a growing season. This study was conducted in 2010-2011 on experimental research plots at the USDA-ARS Limited Irrigation Research Farm (LIRF), located near Greeley, CO (40°26¢N, 104°38¢W). The average annual precipitation is 370 mm [obtained from the Colorado Agricultural Meteorological Network, http://www.coagmet.colostate.edu (accessed 26 June 2017)]. The soil at LIRF is classified as an Olney fine sandy loam (fine-loamy, mixed, superactive, mesic Ustic Haplargids). The experimental design was a split-plot design with three replicates. Main plots were irrigation regimes: (i) full irrigation (>80% field capacity); (ii) limited irrigation, where soil water content was maintained above 80% field capacity until anthesis or flowering; and (iii) dryland management. Main plots were split into subplots of four winter wheat genotypes ('Baca' , 'Hatcher' , 'Ripper' , and 'RonL'; Table 1 ). Subplots were 5 m long and 1.4 m wide. Each subplot was planted to six rows of wheat, and plant density was adjusted to 1,980,000 plants ha -1 . Row spacing was 23 cm between rows within a subplot and 28 cm between subplots. The study was planted in October 2010 and all plots were given 43.3 mm of water to ensure even germination. Total rainfall from planting to harvesting was 185 mm. An additional 373 and 139 mm were given to the full irrigation and limited irrigation treatments, respectively (Fig. 1A) . The number of applications and amount of water applied was determined via weekly measurements of soil water content in the top 183 cm with neutron probes (503 DR Hydroprobe moisture gauge, Campbell Pacific Nuclear Corporation, Concord, CA) installed in the plots planted to Hatcher.
Soil Sampling
Roots with rhizosphere soil (defined as soils adhering to roots) were collected at the following growth stages of wheat (Zadoks et al., 1974) : seedling in November 2010 (approximate Zadoks Stage 12), green-up in March 2011 , anthesis (flowering) in late May 2011 , and midgrain filling in late June 2011 . Samples were collected by excavating roots and the associated soil from at least three plants per plot with a trowel to a depth of 20 cm. Samples from individual plants within each plot were composited into labeled Ziploc bags (S.C. Johnson and Son, Inc., Racine, WI) and stored on ice chests for transport back to the laboratory. Samples were homogenized by hand and stored at 4°C. A total of 36 samples were collected at each time point (four genotypes × three irrigation treatments × three replicates). 
Abundance of Culturable ACC+ Bacteria
Subsamples (10 g) of rhizosphere soil and attached roots were suspended in 90 mL of sterile phosphate buffered saline (pH 7.2) to achieve a 1:10 dilution. Suspensions were blended on high speed for 1 min in a Waring blender (Model 7010HS, Waring Commercial, Torrington, CT) and serial 10-fold dilutions were made in sterile phosphate buffered saline. Total culturable bacteria were enumerated by plating diluted suspensions (10 −4 to 10 −6 ) onto triplicate 10% tryptic soy broth agar plates (3 g tryptic soy broth, 18 g agar L -1 ). Culturable ACC+ bacteria were enumerated by plating dilutions (10 -3 to 10 −5 ) onto Dworkin and Foster (DF) minimal salts medium containing ACC as the sole N source (Penrose and Glick, 2003) . Plates were incubated at 28°C for 4 to5 d and colonies were counted on the plates. The abundance of ACC+ bacteria was expressed as the number of colony-forming units (CFUs) per g of rhizosphere soil. This number was divided by the number of CFUs counted on the tryptic soy broth agar plates to determine the proportion of ACC+ bacteria relative to total culturable bacteria.
Species Composition and Diversity of Culturable ACC+ Bacteria
We previously experimented with published primers that target a portion of the ACC deaminase gene, acdS (Blaha et al., 2006) . Unfortunately, this method used degenerate primers that produced more than one amplicon, thereby limiting downstream molecular analyses. To assess the diversity of ACC+ bacteria at the anthesis growth stage, an alternative approach was chosen, whereby ACC+ bacteria were selectively enriched from triplicate soil samples collected from roots of Ripper and RonL under the dryland and full irrigation treatments in a liquid medium and subsequently analyzed for bacterial community diversity via 454 pyrosequencing of 16S rDNA. Following the enrichment method outlined by Penrose and Glick (2003) , 1 g of rhizosphere soil was added to 50 mL of a sterile medium (Pseudomonas agar F medium) containing 10 g L -1 proteose peptone, 10 g L -1 casein hydrolysate, 1.5 g L -1 anhydrous MgSO 4 , 1.5 g L -1 K 2 HPO 4 , and 10 mL L -1 glycerol in a 250-mL flask. The flask was incubated in a shaking incubator (200 rpm at 30°C for 24 h; Lab-Line Orbit Environ Shaker, Model 3527, Lab-Line Instruments, Melrose Park, IL). After 24 h, a 1-mL aliquot was removed from the growing culture, transferred to 50 mL of sterile Pseudomonas agar F medium in a 250-mL flask and incubated a second time. A 1-mL aliquot was removed from the second culture and transferred to a 250-mL flask containing 50 mL of sterile DF minimal salts medium containing (NH 4 ) 2 SO 4 as a N source. After another 24-h incubation as described above, a 1-mL aliquot was removed from this culture and transferred to 50 mL of sterile DF minimal salts medium containing 3.0 mM ACC as the sole source of N. After a 24-h incubation, the cultures were centrifuged at 3000×g in sterile 50-mL conical tubes to pellet the cells. DNA was extracted directly from pelleted cells using the FastDNA Spin Kit for Soil (MP Biomedical, Santa Ana, CA). Extracted DNA was stored at -20°C. A 291-bp fragment of the V4 region of the 16S rDNA was amplified using fusion primers with GS Flex 454 standard chemistry compatible adaptors (forward primer 515F: 5'-GCC TTG CCA GCC CGC TCA GGT GTG CCA GCM GCC GCG GTA A; reverse primer 806R: 5'-GCC TCC CTC GCG CCA TCA GAN NNN NNN NNN NNG GGG ACT ACV SGG GTA TCT AAT) obtained from Invitrogen (Carlsbad, CA). Unique 12-nt error-correcting Golay barcodes were used to tag each polymerase chain reaction (PCR) product (designated by NNN NNN NNN NNN). Reactions were prepared in 96-well plates with the following reagents for a final reaction volume of 20 mL: 10 mL 5-Prime Hot Master Mix (5Prime; Gaithersburg, MD), 30 µM each of forward and reverse primer, and 15 ng of template DNA (5 ng mL -1 ). Thermal cycling consisted of initial denaturation at 94°C for 5 min followed by 35 cycles of denaturation at 94°C for 1 min, annealing at 63°C for 1 min, and extension at 72°C for 2 min, with a final extension of 10 min at 72°C. Replicate PCRs from each sample were combined and gel-purified using the GenElute Gel Extraction kit (Sigma-Aldrich, St. Louis, MO), followed by additional purification with AMPure beads (Beckman Coulter, Indianapolis, IN). The PCRs were then quantified with PicoGreen (Invitrogen). Amplicons were then pooled in equimolar ratios and concentrated by ethanol precipitation. The resulting amplicon library was sequenced under contract by EnGenCore, University of South Carolina, Columbia, SC.
Statistical Analysis
The abundance of ACC+ bacteria was analyzed as a repeated measures split-plot block design, using log-transformed data for normalization. Sampling date (or wheat growth stage) was the repeated factor; irrigation level was the main plot and wheat genotype was the subplot (n = 3). The analysis was conducted by using the Proc Mixed procedure of SAS version 9.2 (SAS Institute, Cary, NC) with the first-order autoregressive covariance structure, which assumes that repeated measures are more correlated when sampling dates are closer together than farther apart in time. Significantly different means (P < 0.05) were separated by the PDIFF option in SAS.
Sequence Processing and Analysis
All sequence read editing and processing was performed with Mothur version. 1.26 (Schloss et al., 2009) . Briefly, sequence reads were trimmed (bdiff = 0, pdiff = 0, qaverage = 30, minlength = 150, maxambig = 0, maxhomop = 8) and aligned to the SILVA alignment available at the Mothur website (http://www.mothur. org, accessed 14 June 2017). Filtered sequences were checked for chimeras via the uchime method and classified using the Silva database (https://www.arb-silva.de, accessed 26 June 2017). Sequences were screened, filtered, and preclustered (difference = 2) to remove potential pyrosequencing noise and then assigned to phylotypes. To mitigate the effect of sample size on measures of a and b diversity, subsamples of 1170 reads (based on the sample with the smallest number of high-quality sequences) were randomly selected from each sample. Sample-size-independent values were calculated in Mothur for a diversity community descriptors such as observed species richness, and Shannon's and Simpson's diversity indices. Beta diversity was assessed by using phylotypebased clustering to compare community membership and structure among ACC+ bacterial communities.
Field Study 2: Fort Collins
A second field study was conducted to assess wheat genotype effects on ACC+ bacteria using culture-independent approaches. Potential ACC deaminase activity and PICRUSt analysis (Langille et al., 2013) of 16S rDNA sequences were conducted on rhizosphere soils under 12 winter wheat genotypes grown under dryland or fully irrigated conditions. This study was conducted in 2013 on experimental research plots at the Agricultural Research, Development and Education Center (ARDEC), located near Fort Collins, CO (40°39¢N, 105°00¢W). Average annual precipitation is 400 mm (obtained from the Colorado Agricultural Meteorological Network). The soil at ARDEC is classified as a Nunn clay loam (fine, smectitic, mesic, Aridic Agriustoll). At this site, two large wheat trials were grown side-by-side in the same field. Both trials were planted in October 2012, at a seeding density of approximately 1,700,000 seeds ha -1 . Row spacing was 23 cm between rows within a subplot and 28 cm between subplots. One trial was fully irrigated, receiving 86 mm of precipitation from January through to June and 210 mm of irrigation in May and June. The other trial (dryland) received the same amount of precipitation with no supplemental irrigation. Each trial included 299 genotypes (cultivars and advanced breeding lines), a subset of which was sampled for this study: a dryland and a fully irrigated plot for each of the 12 genotypes specified in Table 1 . Wheat genotypes were planted in six-row plots 1.83 m long and 1.52 m wide.
Soil Sampling
Rhizosphere soil was collected from each plot in June 2013 at mid-grain filling (approximate Zadoks growth stage 80-85; Zadoks et al., 1974) . This growth stage corresponds to the growth stage of Field Study 1 when the greatest relative abundance of ACC+ bacteria was measured (results are presented below). Samples were collected by excavating roots and associated soil from at least three plants per plot with a trowel to a depth of 20 cm. Samples from individual plants within each plot were composited into labeled Ziploc bags (S.C. Johnson and Son, Inc.) and stored on ice chests for transport back to the laboratory. Samples were homogenized by hand and stored at 4°C for ACC deaminase enzyme activity (see below). A subsample from each bag was frozen at −80° for molecular analysis.
Potential ACC Deaminase Enzyme Activity
Potential ACC deaminase enzyme activity was determined according to Smaill et al. (2010) , except that 1-g subsamples of soil were incubated in 5 mL of 0.1 M tris(hydroxymethyl)-aminomethane buffer (pH 8.5) and 20 mM ACC. Controls (for soil background absorbance) were prepared by adding soil to the buffer without ACC addition. Blanks were prepared that included all reagents but no soil (for baseline absorbance) The suspensions were incubated for 24 h at 30°C. After incubation, samples were vortexed and centrifuged at 480×g. The supernatant (1 mL) was removed and mixed with 1.8 mL of 0.56 M HCl to end the reaction. Next, 0.3 mL of 0.1% (w/v) 2,4 dinitrophenylhydrazine in 2 M HCl was added to each sample. Samples were incubated for 15 min at 30°C, after which, 2 mL of 2 M NaOH was added. The absorbance of each sample was read at 450 nm on a microplate reader (Model 680, Bio-Rad Laboratories, Inc., Hercules, CA). The concentration of a-ketobutyrate developed (mg g -1 h -1 ) was determined from a standard calibration curve of a-ketobutyrate (Sigma Aldrich, St. Louis, MO) prepared within a range of 0 to 220 mg mL -1 tris(hydroxymethyl)-aminomethane buffer.
16S rDNA sequencing and PICRUSt analysis
The abundance of ACC+ bacteria in the samples obtained from Field Study 2 was assessed using a pyrosequencing and mapping approach. First, quantitative PCR (qPCR) was used to amplify the bacterial 16S rRNA genes (V1-V3 hypervariable region) using the 27F and 388R primer set (Lane et al., 1985; Marchesi et al., 1998) . Each reaction contained 2 mL of template DNA (diluted 1:20), 0.5 µM of each primer, and 1× Maxima SYBR Green master mix (Cat# K0242, Thermo-Fisher Scientific). Amplification was performed as follows: (i) 95°C for 8.5 min; (ii) 95°C for 15 sec, 58°C for 30 sec, 72°C for 60 sec, repeated 35 times; and (iii) 72°C for 5 min. Genomic DNA isolated from Pseudomonas putida KT2440 was used as a positive control and molecular grade H 2 O as a negative control. The PCR amplicon products were purified using the Lonza FlashGel DNA Recovery System (Basel, Switzerland) and quantified using the Quant-iT PicoGreen dsDNA assay kit (Invitrogen). Amplified DNA samples were then pooled in equimolar ratios to create a single bacterial DNA library. The pooled library was requantified using the KAPA Biosystems qPCR kits (Wilmington, MA) and subjected to pyrosequencing at four copies per bead with the Roche GS Junior Sequencing System (Branford, CT). All sequencing read editing and processing was performed with Mothur version 1.35 (Schloss et al., 2009 ) using the default settings unless otherwise noted. Briefly, sequence reads were (i) trimmed (bdiff = 0, pdiff = 0, qaverage = 25, minlength = 100, maxambig = 0, maxhomop = 10); (ii) aligned to the bacterial-subset SILVA alignment available at the Mothur website (http://www.mothur.org, accessed 14 June 2017); (iii) filtered to remove vertical gaps; (iv) screened for chimeras with UCHIME (Edgar et al., 2011) ; (v) classified using the RDP training set version 9 75 and the naïve Bayesian classifier (Wang et al., 2007) embedded in Mothur, after which all sequences identified as chloroplast or mitochondria were removed; (vi) sequences were screened (optimize = minlengthend, criteria = 95) and filtered (vertical = T, trump = .) so that all sequences covered the same genetic space; and (vii) all sequences were pre-clustered (diff = 2) to remove potential pyrosequencing noise and to cluster them (calc = onegap, coutends = F, method = average) into operational taxonomic units (Huse et al., 2010) . After processing, each 16S library was rarefied to 1000 sequence reads to standardize sampling effort for each sample.
The abundance of acdS (Kyoto Encyclopedia of Genes and Genomes Orthology: KO1505 ACC deaminase) genes in each 16S library was predicted via PICRUSt (Langille et al., 2013) . Each edited and rarefied 16S library was (i) reclassified according the Green Genes database (version 13_5_99) available from Mothur (classify.seqs, method = knn, numwanter = 1), (ii) normalized by copy number (PiCRUSt: normalize_by_copy_num-ber.py, and (iii) used to calculate metagenome contributions (PiCRUSt: metagenome_ contributions.py). Gene-specific relative abundances were calculated by dividing each gene count "CountContributedByOTU" by the total number of "normalized reads" for the sample of interest. Total gene-specific abundance (copies g -1 soil fresh weight) was calculated as the product of the relative abundance and the total 16S copies (copies g -1 soil fresh weight) determine from the initial sample qPCR.
Data Analysis
Potential ACC deaminase activity, averaged across the two plots per genotype, were regressed against the predicted percentage of acdS genes, based on PICRUSt analysis, using linear regression analysis in Excel (Microsoft Office 2010, Microsoft Corporation, Redmond, WA).
RESULTS
Field Study 1: Greeley
In this study, we investigated the total and relative abundance of culturable ACC+ bacteria, under different wheat genotypes and irrigation practices, throughout a winter wheat growing season (2010) (2011) . According to long-term weather data from a weather station installed at the LIRF site, the 2010-2011 growing season was dryer than average, with 184.7 mm of rainfall compared with the long-term average of 251.4 mm (from 1992 to 2011). Although most months were drier relative to the longterm average, the rainfall in May 2011 was above normal (about twofold the average precipitation; data not shown). The average, minimum, and maximum temperatures were within the long-term average (± 1 SD), in all months of the growing season, except for May 2011, when the monthly average maximum temperature was lower than the long-term values (Fig. 1B) . Despite May 2011 being a wetter and cooler month than normal, the amount of cumulative rainfall plus irrigation in dryland plots were less than half of the amount in fully irrigated plots (Fig. 1A) .
We found that bacterial counts were affected by the sampling date × irrigation interaction, whereas relative abundance was affected by a three-way interaction among sampling date, irrigation regime, and wheat genotype. We selected the May sampling period, which corresponded to the anthesis (flowering) stage of winter wheat, to examine the diversity and composition of selectively enriched ACC+ bacteria under Ripper and RonL in greater detail. At this critical wheat growth stage, we found that the diversity and richness of ACC+ bacterial phylotypes were unaffected by wheat genotype or irrigation regime. However, the composition and structure of ACC+ bacteria in the selected communities were strongly affected by wheat genotype. The results are presented in greater detail below.
Abundance of ACC Positive Bacteria
The abundance of culturable ACC+ bacteria in rhizosphere soil was relatively high, with numbers ranging from 1.69 × 10 7 to 3.28 × 10 9 CFU's g -1 . The abundance of ACC+ bacteria was affected by the interaction between sampling date and irrigation regime but not by wheat genotype. The number of ACC+ bacteria increased significantly from November to March under all irrigation treatments (Table 2) . Under full irrigation, the number of ACC+ bacteria declined from March to mid-grain filling in June, in contrast to the increased or stable numbers over time under limited irrigation and dryland conditions. Irrigation in the fully irrigated plots did not begin until after the March sampling event, whereas irrigation in the anthesis-irrigated plots did not begin until just prior to the May sampling event. Thus there was no irrigation effect within the first two sampling dates (November and March).
The abundance of ACC+ bacteria was divided by the total number of heterotrophic bacteria to obtain the relative abundance (%) of culturable ACC+ bacteria. This variable was affected by the three-way interaction among sampling date, irrigation regime, and wheat genotype. There were very few differences among wheat genotype × irrigation combinations in November 2010 and March 2011 (when no irrigation had occurred on any plots), so for simplicity, only the three-way interaction data for May and June 2011 are presented. In May (anthesis), the percentage of ACC+ bacteria was not significantly different among the varieties in the fully irrigated samples (Table 3 ). In limited irrigation soils, the percentage of ACC+ bacteria were significantly lower under Baca than Hatcher but not Ripper and RonL. For dryland soils, the percentage of ACC+ bacteria was significantly greater under RonL and Ripper than under Hatcher and Baca. Within RonL, the percentage of ACC+ bacteria was greatest under dryland, followed by limited irrigation, and lowest under full irrigation. For Ripper, the percentage of ACC+ bacteria was significantly greater under dryland than under full irrigation. In contrast, the percentage of ACC+ bacteria under Hatcher peaked when soils were under limited irrigation. Irrigation treatment had no effect on the percentage of ACC+ bacteria when Baca was grown.
By the mid-grain filling stage in June, relatively high percentages of ACC+ bacteria were detected in limited irrigation and dryland soils (Table 4) . As in May, the percentage of ACC+ bacteria were not significantly different among the varieties in the fully irrigated samples. In limited irrigated and dryland soils, the percentage of ACC+ bacteria were significantly greater under RonL than under the other varieties (Baca, Hatcher, and Ripper). Within RonL, the percentage of ACC+ bacteria was significantly greater under limited irrigation, followed by dryland, then full irrigation. For Ripper and Hatcher, the percentage of ACC bacteria was significantly greater under dryland and limited irrigation than under fully irrigated soils. For Baca, the percentage of ACC bacteria was significantly greater under dryland soil, followed by limited irrigation, then fully irrigated soil.
Diversity and Composition of ACC+ Bacteria
Neither species richness nor Simpson's or Shannon's diversity indices of ACC+ bacteria differed significantly by wheat genotype or irrigation level (Table 5 ). Genotype affected ACC+ bacterial community composition; however, as evidenced by the separation of the RonL and Ripper communities when they were analyzed by unweighted Jaccard's dissimilarity distances ( J class ) that compared phylotype membership (presence or absence) between communities. RonL ACC+ bacterial communities, regardless of irrigation treatment, showed a relatively higher degree of similarity to each other than what was observed between the Ripper ACC+ bacterial communities ( Fig. 2A) . When analyzed via analysis of molecular variance, this genotype effect was determined to be statistically significant (P = 0.013). This genotype effect was not apparent when using Yue and Clayton's θ (ƟYC) distances to assess community structure (presence or absence and relative abundance of phylotypes) when all of the replicates were analyzed separately (data not shown); however, analysis of treatment differences in the combined replicates showed that samples clustered according to genotype rather than irrigation regime (Fig. 2B) . The weighted Unifrac distances (>5 indicated that the community structure differed, <5 indicated that the community structure was similar) also suggest that genotype (score = 0.583, p < 0.001) was more important than irrigation regime (score = 0.438, p < 0.001) as a driving factor of community structure.
Sequences were classified using the Silva database downloaded from the Mothur website. Over 6700 sequences were classified to the genus level; 99% of these sequences were distributed among three phyla (Bacteriodetes, Firmicutes, and Proteobacteria) and 23 known genera. The distribution of genera associated with Ripper and RonL, under full irrgation and dryland management, are shown in Fig. 3 . Dominant genera included Pseudomonas (35-54% of operational taxonomic units), Sphingobacterium (3-13%), Chryseobacterium (5-10%), Buttiauxella (4-11%), Stenotrophomonas (~4%), and Acinetobacter (0-5%) (Fig. 2) . A genotype effect was observed as trends for different distributions of Pseudomonas, Buttiauxella (phylum Proteobacteria), Bacillus (phylum Firmicutes), and Sphingobacterium (phylum Bacteriodetes) between Ripper and RonL (Table 6) . Compared with Ripper, RonL had greater proportions of species from Sphingobacterium (p = 0.041), Buttiauxella (not significant) and Bacillus (not significant), but fewer species of Pseudomonas (not significant) in its rhizosphere than Ripper. The majority of sequences aligning to Sphingobacterium most closely aligned with Sphingobacterium multivorum according to a BLAST search for classification.
Field Study 2: Fort Collins
A second field study was conducted to determine if the pattern of genotype effect observed in the first study would be consistent using culture-independent methods and at a different location or soil type. Potential ACC deaminase activity ranged from 190 to 729 nmol a-ketobutyrate g -1 d -1 (mean = 366, SD = 141, n = 24). There was no significant effect of irrigation treatment on potential ACC activity when values were averaged across all genotypes. Mean values (±1 SD; n = 12) were 388 ± 94 nmol g -1 d -1 for rhizospheres from dryland plots and 341 ± 175 nmol g -1 d -1 for rhizospheres from irrigated plots. There was also no significant genotype effect on potential ACC deaminase activity, averaged across the dryland and irrigated plots (n = 2). The average potential ACC deaminase activity was lowest in 'Byrd' rhizosphere soil (216 ± 37 nmol g -1 d -1 ), intermediate in Ripper (324 ± 42 nmol g -1 d -1 ), and greatest in rhizosphere soil of RonL (557 ± 242 g -1 d -1 ).
PICRUSt analysis of 16S rDNA sequences from rhizosphere soils demonstrated that the RonL rhizosphere was predicted to have the greatest abundance of bacteria containing the ACC deaminase gene, acdS (Fig. 4) . The wheat genotype 'Settler' had poor gene prediction results for not only acdS but also for other functional genes in PICRUSt (data not shown), so this was excluded in the regression analysis for potential ACC deaminase activity. Regression analysis between predicted acdS and potential ACC deaminase activity was positive and significant (p = 0.032, r = 0.65, r 2 = 0.42, n = 11), which was largely a result of the high potential ACC deaminase activity in RonL rhizosphere soil (Fig. 5 ).
DISCUSSION
In most previous studies, ACC+ bacteria have been isolated from soil and studied as plant inocula for their abilities to promote plant growth under abiotic stress (e.g., Shaharoona et al., 2007; Naveed et al., 2008; Nadeem et al., 2010) . This study is the first of its kind to describe the natural abundance and diversity of these beneficial bacteria in field soil, as influenced by winter 4.07 (1.14) 1.73 (0.27) † The number of sequences analyzed per genotype × irrigation regime combination was 1170. The OTUs were classified at the 0.03 genetic distance. There were no significant differences based on two-way ANOVA with post hoc Bonferroni tests. wheat genotype, development stage, and irrigation regime or soil water availability.
In general, it was discovered that wheat genotypes influenced the relative amounts of ACC+ bacteria that accumulated in their rhizospheres as soil water availability declined in the limited irrigated and dryland plots at anthesis. Soil gravimetric water contents (0-20 cm depth) were similar across all LIRF plots at green-up in March (32%), but fell to 10 to 11% in dryland and limited irrigation plots in May (just prior to initiation of irrigation in limited irrigation plots). The effects continued through mid-grain filling in June, when the greatest relative abundance of ACC+ bacteria was observed, especially in dryland plots (where gravimetric water content was only 3%). At the anthesis stage, irrigation had just started in the limited irrigation plots, so these plots experienced a period of water deficiency between green-up and anthesis. The dryland plots, in contrast, were water limited throughout much of the growing season. It is known that ethylene plays a role in grain maturation in wheat and that ethylene production increases from the preanthesis stage to the hard dough stage of grain (Beltrano et al., 1994) . Therefore, increased production of ACC as part of ethylene biosynthesis, combined with reduced soil water availability in the limited irrigation and dryland plots, could explain the increase in the percentage of ACC+ bacteria over time. On the basis of the results of this study, sampling for ACC+ bacterial abundance and diversity should be timed with the anthesis to mid-grain filling growth stages.
Phylogenetic analysis based on 16S rDNA sequences from LIRF showed that the diversity of ACC+ bacteria associated with RonL and Ripper at anthesis belonged to three major phylogenetic groups: Firmicutes, Bacteroidetes, and Proteobacteria. Bacteria within the Protobacteria, especially Pseudomonas species, were the most commonly detected ACC+ bacteria associated with Ripper and RonL. Compared with other genotypes, RonL's rhizosphere was enriched in Sphingobacterium, particularly the species Sphingobacterium multivorum. This species is a Gram-negative rod that can be isolated from soil, water, and plants, including wheat rhizospheres (Yang et al., 2010) . These results should be interpreted cautiously, however, as 16S rDNA sequence analysis was conducted on bacteria selectively enriched in the presence of ACC under laboratory conditions. Using this type of approach, others have also reported Pseudomonas to be a dominant genus of ACC+ bacteria in plant rhizospheres (e.g., Timmusk et al., 2011; Akhgar et al., 2014) . Future studies should focus on developing and applying molecular-based methods to characterize the genetic diversity of nonculturable ACC+ bacteria in soil. Under limited irrigated and dryland soils at LIRF in May and June, the four wheat genotypes showed differences in the relative percentage and composition of ACC+ bacteria that accumulated in their rhizospheres. The percentage of ACC+ bacteria under RonL was greater than that under the other varieties (Baca, Ripper, and Hatcher). RonL harbored an assemblage of ACC+ bacteria that was different from that of Ripper. Similar results were found at ARDEC, where RonL was predicted to have the greatest relative amounts of the ACC deaminase gene acdS and had the greatest potential ACC deaminase activity. RonL is a hard white winter wheat genotype that is medium in height, has medium to late maturity, and is reported to have "good" drought tolerance (Kansas Wheat Alliance, 2014). The ability of RonL to accumulate a relatively high percentage of ACC+ bacteria could indicate that this genotype produces greater concentrations of ACC and stress ethylene than the other genotypes tested when water stressed. Alternatively, RonL may be more effective at recruiting and selecting certain ACC+ bacteria than the other genotypes, presumably through production of root chemical signals. Soil microbial communities are known to vary under the influence of different genotypes of the same plant species, including wheat (Chanway et al., 1988; Mazzola et al., 2004; Micallef et al., 2009; Manter et al., 2010; Peiffer et al., 2013; Donn et al., 2015) . Such biological interactions in the rhizosphere are primarily mediated by root exudates, which can serve as signals to promote chemotaxis (Gaworzewska and Carlile, 1982; de Weert et al., 2002) , initiate symbiotic interactions (Oldroyd and Downie, 2008) , act as substrates promoting growth of specific microbes, or any combination of these.
Drought is arguably the most devastating abiotic stress affecting crop production worldwide and the most difficult to address through crop genetic improvement. This is because of the inherent variability in drought severity, timing, and duration, and the many genes and mechanisms involved in the adaptive responses of plants to drought (Blum, 2011; Reynolds et al., 2009; Richards et al., 2010) . RonL has some tolerance to drought and, compared with other genotypes studied, RonL showed the greatest potential to accumulate high relative abundances of ACC+ bacteria and potential ACC deaminase activity. Interestingly, Ripper, a tall semidwarf, early-maturing hard red winter wheat, is also considered to be drought tolerant (Haley et al., 2007) . That both RonL and Ripper have shown drought tolerance but different associations with ACC+ bacteria could be indicative of different strategies among winter wheat cultivars for coping with drought stress. Further studies are warranted to determine the role of root exudates and the relative contribution of ACC+ bacteria to drought tolerance among different winter wheat genotypes. With increased understanding, the exploitation of ACC+ bacteria's natural abilities with appropriate host crops could help to improve food production and sustainable agriculture in waterscarce regions. 
